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Summary
In response to DNA damage, the p53 tumor suppres-
sor can elicit either apoptosis or cell-cycle arrest and
repair, but how this critical decision is made in spe-
cific cell types remains largely undefined. We investi-
gated the mechanism by which the transcriptional
repressor Slug specifically rescues hematopoietic
progenitor cells from lethal doses of  radiation. We
show that Slug is transcriptionally induced by p53
upon irradiation and then protects the damaged cell
from apoptosis by directly repressing p53-mediated
transcription of puma, a key BH3-only antagonist of
the antiapoptotic Bcl-2 proteins. We established the
physiologic significance of Slug-mediated repression
of puma by demonstrating that mice deficient in both
genes survive doses of total-body irradiation that le-
thally deplete hematopoietic progenitor populations
in mice lacking only slug. Thus, Slug functions down-
stream of p53 in developing blood cells as a critical
switch that prevents their apoptosis by antagonizing
the trans-activation of puma by p53.
Introduction
Slug belongs to the highly conserved Slug/Snail family
of transcription factors found in diverse species from
C. elegans to humans. Proteins of this family, which in
mammals include Snail1, Slug/Snail2, Snail3/Smuc, and
Scratch, share a highly conserved carboxy-terminal re-
gion containing from four to six C2H2-type zinc fingers
that bind to a subset of E box (CAGGTG) sites (Inukai et
al., 1999). Mammalian Slug/Snail family members also
share an extreme N-terminal SNAG domain, which is
essential for their nuclear localization and for Gfi1-
mediated transcriptional repression (Grimes et al., 1996).
Slug/Snail proteins have multiple functions at different
stages of development in diverse species. In Drosophila,
Snail plays an essential role in mesoderm formation,*Correspondence: thomas_look@dfci.harvard.eduCNS development, and cell-fate determination in the
wing (Hemavathy et al., 2000a). In vertebrates, Snail/
Slug transcription factors participate in the migration of
neural crest cells (Le Douarin et al., 1994), the epithelial-
mesenchymal transition of mesodermal cells (Barrallo-
Gimeno and Nieto, 2005), and the rescue of hematopoi-
etic cells from apoptosis (Inoue et al., 2002; Inukai et
al., 1999). These proteins have also been implicated in
carcinogenesis (Kurrey et al., 2005; Martin et al., 2005;
Perez-Mancera et al., 2005) and metastasis (Gupta et
al., 2005) and may promote tumor progression by
downregulating the gene encoding the adhesion mole-
cule E-cadherin (Hajra et al., 2002).
We have shown that slug is a target gene of the E2A-
HLF oncoprotein in human pro-B leukemia (Inukai et al.,
1999) and functions as a survival factor in the hemato-
poietic system to protect normal progenitor cells from
DNA damage (Inoue et al., 2002). An antiapoptotic role
for Slug was first suggested by studies in C. elegans,
where its ortholog, CES-1, was found to control the
apoptotic death of NSM sister neurons by acting as a
transcriptional repressor of EGL-1, a BH3-only pro-
apoptotic antagonist of CED-9, the worm ortholog of
Bcl-2 (Metzstein and Horvitz, 1999; Thellmann et al.,
2003). In contrast to its aberrant expression in E2A-HLF-
induced pro-B leukemia, endogenous Slug is normally
expressed in both long- and short-term repopulating
hematopoietic stem cells (HSCs) and in committed pro-
genitors of the myeloid lineage but not in differentiated
myeloid cells or pro-B or pro-T cells (Inoue et al., 2002).
Hence, its principal function may reside in regulating
the survival of myeloid cells. Indeed, homozygous
slug−/− mice proved much more radiosensitive than het-
erozygous slug+/− or wild-type mice following γ irradia-
tion, and a higher proportion of their hematopoietic pro-
genitor cells underwent apoptosis (Inoue et al., 2002).
A critical unresolved issue about the DNA-damage
response is how the resulting upregulation of the p53
tumor suppressor can lead either to cell-cycle arrest
and DNA repair, which is the fate of many hematopoi-
etic progenitor cells, or to apoptosis, the typical out-
come for mature hematopoietic cells. The discovery
that Slug protects hematopoietic progenitors from gen-
otoxic stress prompted us to explore whether it gov-
erns this pivotal control point. Here we show that Slug
protects mice from γ-radiation-induced death in a cell-
autonomous manner by inhibiting the mitochondria-
dependent apoptotic pathway in myeloid progenitor
cells. Significantly, we find that Slug itself is upregu-
lated by p53 and acts as a transcriptional repressor,
directly antagonizing p53-mediated upregulation of the
BH3-only gene puma, which encodes a critical media-
tor of p53-induced apoptosis (Han et al., 2001; Jeffers
et al., 2003; Nakano and Vousden, 2001; Villunger et al.,
2003; Yu et al., 2001). By analysis of mice lacking both
Slug and p53 or Slug and Puma, we have established
that Slug acts downstream of p53 and upstream of
Puma to control the fate of hematopoietic progenitor
cells exposed in vivo to genotoxic stress.
Cell
642Figure 1. Slug Renders BM Cells Resistant to γ Radiation
(A) Kaplan-Meier survival curves of irradiated mice transplanted
with wild-type BM cells. slug−/− and slug+/− mice were given a sin-
gle dose of total-body irradiation (TBI; 7.0 Gy), injected or not in-
jected with 1 × 106 wild-type BM cells, and monitored for survival
(slug−/− mice without transplantation, n = 6; slug−/− mice trans-
planted with wild-type BM cells, n = 8; slug+/− mice without trans-
plantation, n = 10; slug+/− mice transplanted with wild-type BM
cells, n = 10). The enhanced survival rate of slug−/− mice trans-
planted with WT BM was highly significant (p < 0.0001).
(B) slug−/− mice reconstituted with wild-type BM cells were ren-
dered radioresistant. slug−/− and slug+/− mice were then given a
lethal dose of radiation and transplanted with at least 1 × 107 total
BM cells from wild-type mice or slug−/− mice (slug−/− BM-reconsti-
tuted slug+/− mice, n = 8; slug−/− BM-reconstituted slug−/− mice, n =
8; slug+/+ BM-reconstituted slug−/− mice, n = 7). Five weeks after
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fith slug BM died within 20 days at a rate similar
M transplantation, the mice were given a single dose of γ radiation
7.0 Gy) and monitored for survival (p = 0.0098).
C) Kaplan-Meier survival curves of reconstituted B6.SJL mice after
radiation. B6.SJL recipients were given a lethal dose of TBI and
econstituted with 1 × 107 total bone-marrow cells from slug+/+
ice or slug−/− mice (slug−/− BM-reconstituted B6.SJL mice, n = 8;
lug+/+ BM-reconstituted B6.SJL mice, n = 10). After 5 weeks, these
ice were given a single dose of γ radiation (7.0 Gy) and monitored
or survival (p < 0.0001).esults
ublethally -Irradiated slug−/− Mice Die Due
o Bone-Marrow Failure
lug−/− mice are much more radiosensitive than slug+/−
r wild-type mice and accumulate more apoptotic cells
n their hematopoietic progenitor compartment after ir-
adiation than do wild-type mice (Inoue et al., 2002).
his raises a critical question: is the death of the mice
olely due to bone-marrow (BM) failure, or does it re-
lect the cumulative systemic effects of radiation? We
ddressed this issue by transplanting wild-type BM
ells (Ly5.1) into slug−/− and slug+/− recipients (Ly5.2)
hat had received 7.0 Gy of total-body irradiation (TBI).
emarkably, the wild-type BM cells rescued all of the
rradiated slug−/− mice, whereas all slug−/− mice without
wild-type BM transplant died within 20 days postirra-
iation (Figure 1A). As expected, 70% of the irradiated
lug+/− mice and all slug+/− mice with a wild-type BM
ransplant were radioresistant and survived beyond 30
ays.
Analysis 3 months after transplantation showed that
9% of peripheral blood cells in the rescued slug−/−
ice originated from the slug−/− (Ly5.2) recipients (see
igure S1A in the Supplemental Data available with this
rticle online). Thus, the slug−/− HSCs could still con-
ribute to hematopoiesis. Furthermore, flow cytometric
nalysis revealed that cells from the slug−/− recipients
ad contributed comparably to the T- and B-lymphoid
nd myeloid compartments (Figures S1B–S1D). These
indings indicate that, although some slug−/− HSCs sur-
ived irradiation and eventually repopulated the bone
arrow, the irradiated slug−/− mice presumably retained
nsufficient numbers of committed myeloid progenitors
o stave off death (Na Nakorn et al., 2002).
adioprotective Function of Slug Is Intrinsic
o the Transplanted Bone-Marrow Cells
o test directly whether wild-type bone-marrow cells
an radioprotect Slug-deficient mice in a cell-autono-
ous manner, we generated three different groups of
ice with reconstituted bone marrow (Figure 1B). All of
he recipients showed almost complete engraftment at
weeks postirradiation as determined by genotyping
CR with slug allele-specific primers (Figure S2). Fol-
owing a second course of 7.0 Gy TBI, all of the mice
ere monitored for survival. Interestingly, the majority
f slug−/− mice (w85%) reconstituted with wild-type BM
ived more than 30 days after the second dose of γ radi-
tion, indicating that they had become radioresistant
Figure 1B). By contrast, all slug+/− mice reconstituted
−/−
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643to slug−/− recipients reconstituted with slug−/− BM cells
(Figure 1B).
To test whether Slug-deficient bone-marrow cells could
radioprotect mice within a wild-type microenvironment,
we reconstituted lethally irradiated wild-type mice with
slug−/− or slug+/+ bone marrow cells (Figure S3 and Ta-
ble S1). Importantly, despite the same slug+/+ BM mi-
croenvironment, only the chimeric mice reconstituted
with slug−/− BM cells became radiosensitive (Figure
1C). These data demonstrate that Slug protects mice
from γ-radiation-induced death in a hematopoietic cell-
autonomous manner.
Regenerative Capacity of slug−/− Long-Term
Repopulating HSCs Is Not Impaired
Conceivably, the radiosensitivity of Slug-deficient mice
reflects not only a loss of committed myeloid progeni-
tors but also an inherent defect in the regenerative ca-
pacity of the HSCs. To test this possibility, we critically
assessed the ability of Slug-deficient HSCs to compete
with wild-type HSCs in repopulating the myeloid and
lymphoid compartments. In this competitive repopula-
tion experiment, lethally irradiated B6.SJL (Ly5.1) con-
genic mice were transplanted with one million slug−/−
or slug+/− BM cells (Ly5.2) together with 2 × 105 Ly5.1
wild-type BM cells. Eight months later, flow cytometric
analysis of the blood in the recipients revealed that the
Slug-deficient HSCs were as potent as the slug+/−
HSCs in their ability to repopulate the hematopoietic
system, as indicated by their generation of abundant
B cells (B220+), T cells (CD3e+), and granulocytes plus
monocytes (Gr-1+ or CD11b+) (Figures S4A–S4C). Thus,
a functional slug gene is not a prerequisite for HSC-
regenerative capacity after myeloablative therapy.
Repopulation of Myeloid Lineages Is Impaired
in Irradiated slug−/− Mice
Although the Slug-deficient mice appear to possess
fully functional HSCs, myeloerythroid-restricted pro-
genitors have the predominant role in short-term radio-
protection (Na Nakorn et al., 2002). We found that the
proportions and total numbers of myeloid progenitors
(Lin− IL-7R− c-Kit+ cells) in the femurs of unirradiated
slug+/− and slug−/− mice were comparable (Figures
S5A–S5C), as were the total numbers of differentiated
CD11b+ Gr-1+ myeloid cells (Figure S5D). Thus, under
steady-state conditions, myeloid progenitor cells ap-
pear to develop normally in slug−/− mice.
We also considered that Slug inactivation might
render myeloid progenitors more susceptible to apo-
ptosis after sublethal γ irradiation (Inoue et al., 2002),
thus delaying the recovery of myeloid cells. To test
this hypothesis, we irradiated slug−/− and slug+/− sex-
matched syngeneic littermates with 6.5 Gy, a sublethal
dose in wild-type mice. Six days later, flow cytometric
analysis revealed that the BM of slug−/− mice retained
far fewer differentiated CD11b+ Gr-1+ myeloid cells than
did that of their slug+/− littermates (Figure 2B). By day
12, the femurs of slug−/− mice showed a further striking
decrease in the proportion and number of CD11b+ Gr-
1+ myeloid cells (Figures 2A and 2B). Indeed, the Slug-
deficient marrow now had less than 10% of the myeloid
cells in the slug+/− marrow (Figure 2B). Furthermore, al-most no hematopoietic cell clusters were detectable in
the BM vascular zone (Figure 2C). By contrast, in slug+/−
mice at day 12 postirradiation, the CD11b+ Gr-1+ my-
eloid cells had already begun to recover by both of
these measures (Figures 2A–2C). These results, to-
gether with the increased levels of apoptosis that we
had detected by TUNEL staining in Lin-negative BM
cells of slug−/− compared to wild-type mice (Inoue et al.,
2002), suggest that normal restoration of myelopoiesis
after sublethal irradiation requires Slug to limit the apo-
ptosis of myeloid progenitor cells.
Slug Radioprotects Mice by Interfering with the
Mitochondria-Dependent Apoptotic Pathway
If Slug protects against the lethal effects of radiation by
interfering with DNA-damage-induced apoptosis, then
one would predict involvement of the mitochondrial
pathway governed by the Bcl-2 family of proteins (Do-
men et al., 1998; Ogilvy et al., 1999). Hence, we tested
whether enforced expression of Bcl-2, the prototypic
negative regulator of this pathway (Cory et al., 2003),
could compensate for antiapoptotic signaling by Slug.
We first interbred Slug-deficient mice with mice ex-
pressing a Bcl-2 transgene in all hematopoietic cells,
but not in other cell types (Ogilvy et al., 1999), to gener-
ate sex-matched syngeneic littermates with a slug−/−,
slug−/−Bcl-2tg, slug+/−, or slug+/−Bcl-2tg genotype. When
the mice were treated with 7.0 Gy of γ radiation, most
of the slug+/− and all of the slug+/−Bcl-2tg mice survived
more than 30 days, while all slug−/− nontransgenic mice
died within 28 days (Figure 3A). Importantly, the
slug−/−Bcl-2tg mice were radioresistant and survived for
more than 30 days.
To confirm that Bcl-2 conferred radioprotection di-
rectly in myeloid progenitor cells, we transplanted BM
cells from each subgroup of these mice into wild-type
recipients, generating four groups with a wild-type mi-
croenvironment but genetically distinct hematopoietic
compartments. After 6 weeks, PCR genotyping con-
firmed efficient engraftment (Figure S6A). After 7.0 Gy
TBI, all of the mice reconstituted with slug−/− BM cells
died within 20 days, whereas those reconstituted with
slug−/−Bcl-2tg BM cells were radioresistant and sur-
vived beyond 30 days, as did most of those reconstitu-
ted with wild-type cells (Figure S6B). Thus, overexpres-
sion of Bcl-2 exclusively in hematopoietic cells (Ogilvy
et al., 1999) can rescue slug deficiency in a cell-autono-
mous manner and render Slug-deficient mice radiore-
sistant. Hence, Slug confers radioprotection by interfer-
ing with a mitochondria-dependent apoptotic pathway
activated by γ radiation in myeloid progenitors.
Slug Antagonizes the p53-Mediated Apoptotic
Pathway Activated by  Radiation
The p53 tumor suppressor is a critical mediator of apo-
ptosis in hematopoietic progenitors exposed to geno-
toxic damage, and p53-deficient mice can survive an
otherwise lethal radiation dose due to their refrac-
tory BM-derived hematopoietic progenitors (Lotem and
Sachs, 1993). To investigate the potential genetic in-
teraction of Slug with the p53-mediated apoptotic
pathway, we generated lines of mice lacking either or
both proteins and subjected sex-matched littermates
Cell
644Figure 2. Inactivation of Slug Impairs the Survival of Hematopoietic Cells after γ Irradiation
(A) Flow cytometric analysis of BM cells isolated from mice before and after γ irradiation. Representative flow cytometric analysis of differenti-
ated myeloid cells (CD11b+ Gr-1+) in representative slug+/− and slug−/− mice before and 12 days after TBI (6.5 Gy).
(B) Total number of differentiated myeloid cells (CD11b+ Gr-1+) per femur (×105) in slug+/− and slug−/− mice at 6 and 12 days after TBI (6.5 Gy).
The data shown represent the mean ± SD (n = 4). Differences in cell numbers at each testing interval were highly significant (two-tailed
Student’s t tests).
(C) Hematoxylin-and-eosin staining of the bone-marrow cavities of femurs from mice after TBI (6.5 Gy) or without treatment. Hematopoietic
cells were dramatically decreased in both slug+/− and slug−/− mice at the early recovery phase (6 days) after γ irradiation. By 12 days
postirradiation, hematopoietic cell clusters had repopulated the bone marrows of slug+/− mice but not those of slug−/− mice (magnification,
×100).to 7.0 Gy TBI. As expected, both slug+/−p53+/− and
slug+/−p53−/− mice survived this sublethal dose, while
slug−/−p53+/− mice died by 20 days postirradiation. In
sharp contrast, slug−/−p53−/− mice survived beyond 30
days postirradiation, indicating that inactivation of p53
rescued slug−/− mice from radiation-induced death (Fig-
p
w
h
e
Bure 3B).To rule out any effects from damage to nonhemato-
oietic tissues, we reconstituted wild-type recipients
ith BM cells from each of these groups and confirmed
igh engraftment by PCR genotyping (Figure S7). As
xpected, all mice reconstituted with Slug-expressing
M cells survived 7.0 Gy TBI, whereas none trans-planted with slug−/−p53+/− BM survived more than 23
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645Figure 3. Slug Protects Normal Hematopoietic Progenitors from
DNA-Damage-Induced Apoptosis by Antagonizing the p53-Medi-
ated Apoptotic Pathway
(A) Kaplan-Meier survival curves for 8-week-old slug−/− (n = 9),
slug−/−Bcl-2tg (n = 8), slug+/− (n = 9), and slug+/−Bcl-2tg (n = 10)
mice, which were given TBI (7.0 Gy) and monitored for survival
(p < 0.0001).
(B) Kaplan-Meier survival curves for 4-week-old slug+/−p53+/− (n =
8), slug+/−p53−/− (n = 8), slug−/−p53+/− (n = 7), and slug−/−p53−/− (n =
5) mice after a single dose of TBI (7.0 Gy) (p < 0.0001).
(C) Survival curves for reconstituted mice after γ irradiation. Lethally
irradiated C57BL/6 mice were reconstituted with BM cells isolated
from the mice described in (B) (n = 7 to 10 for each genotype). After
5 weeks, the mice were given a single dose of TBI (7.0 Gy) and
monitored for survival (p < 0.0001).days. However, the animals reconstituted with slug−/−
p53−/− BM cells were radioresistant (Figure 3C). These
genetic data clearly indicate that Slug protects normal
hematopoietic progenitors from DNA-damage-induced
apoptosis by antagonizing the p53-mediated apoptotic
pathway, although the results do not indicate whether
Slug acts upstream or downstream of, or perhaps par-
allel to, p53.
Slug Represses Transcription of Puma, a Key
Mediator of p53-Induced Apoptosis
To investigate whether Slug antagonizes p53-mediated
apoptotic signaling through a direct effect on p53 stabi-
lization or activation in response to γ radiation, we
determined p53 levels in irradiated (5 Gy) myeloid pro-
genitors enriched from both slug+/+Bcl-2tg and slug−/−
Bcl-2tg mice. Immunoblotting of cell lysates with a p53-
specific antibody (Figure 4A) showed that, beginning
at 1.5 hr postirradiation, p53 protein levels increased
comparably in the Slug-proficient and Slug-deficient
myeloid progenitors. This suggests that Slug does not
interfere with p53 expression or stabilization after γ irra-
diation.
Because p53 activation also involves posttranslational
modifications, we measured the functional effects of p53
activation in γ-irradiated progenitors. Myeloid progenitors
enriched from bone marrow of slug+/+Bcl-2tg or slug−/−
Bcl-2tg mice were transduced with a retrovirus carrying
a p53 luciferase reporter, which contains three copies
of the p53 DNA binding consensus sequence and a
TATA box upstream of the luciferase gene. The trans-
duced progenitors were either untreated or γ irradiated
(5 Gy) and then cultured for 12 hr. Analysis of luciferase
activity in the transduced cells indicated that p53 activ-
ity increased comparably (about 3-fold) in both slug+/+
and slug−/− myeloid progenitors after γ irradiation (Fig-
ure 4B). Taken together, these results indicate that the
ability of Slug to affect progenitor-cell survival does not
entail impaired p53 activation.
Because Slug contains a potent SNAG repressor do-
main and can function as a transcriptional repressor
(Hemavathy et al., 2000b; Inukai et al., 1999), we next
asked whether it represses a relevant p53-responsive
gene. Recent findings indicate that the BH3-only pro-
teins Puma and Noxa play critical roles in p53-medi-
ated apoptotic pathways, Puma having the very domi-
nant role in hematopoietic cells (Han et al., 2001; Jeffers
et al., 2003; Oda et al., 2000; Villunger et al., 2003). We
examined whether Slug affects the induction of either
of these p53 target genes in myeloid progenitors at
both the protein and RNA levels. First, myeloid progeni-
tors from both slug+/+Bcl-2tg and slug−/−Bcl-2tg mice
were irradiated (5 Gy), and, at subsequent times, cell
lysates were immunoblotted with a Puma- or Noxa-
specific antibody (Figure 4C). Beginning at 2 hr postir-
radiation, Puma protein levels increased substantially
only in slug−/− myeloid progenitors. By contrast, Noxa
protein levels did not increase in either the slug+/+ or
slug−/− myeloid progenitors after γ irradiation. The Bim
BH3-only protein was also analyzed as a control for
proteins of this class that are not p53 target genes. Bim
levels did not change in myeloid progenitors after irra-
diation regardless of slug genotype (Figure S8A).To investigate further whether Slug negatively regu-
Cell
646Figure 4. Slug Selectively Downregulates the BH3-Only Protein Puma without Affecting p53 Activation
(A) Western blot analysis of p53. Lysates obtained from slug+/+ and slug−/− myeloid progenitor cells at the indicated times postirradiation (5.0
Gy) were probed with an anti-p53 antibody (CM5) and GAPDH antibody (loading control).
(B) Luciferase activity assay of a p53 reporter. Lysates obtained from myeloid progenitor cells enriched from slug+/+ and slug−/− mice (all in a
Bcl-2 transgenic background) that had been infected with a retrovirus harboring a p53 luciferase reporter (pQCXIG/p53-TA-LUC) for 24 hr,
irradiated (5 Gy) or left untreated and assayed 12 hr later. The data represent one of three independent experiments yielding comparable re-
sults.
(C) Western blot analysis of Puma and Noxa expression levels. Lysates obtained from slug+/+ and slug−/− myeloid progenitor cells at the
indicated time points postirradiation with a sublethal dose (5.0 Gy) were immunoblotted with Puma- or Noxa-specific antibodies.
(D and E) Real-time, quantitative RT-PCR analysis of puma and noxa mRNA expression levels in myeloid progenitor cells from slug+/+ and
slug−/− mice (all in a Bcl-2 transgenic background) at 3 hr postirradiation (5 Gy) or after no treatment. puma and noxa gene expression levels
were normalized based on the levels of three housekeeping genes (Hprt, G6pd, and Tbp). The data represent one of three independent
experiments yielding similar results. Comparisons in (D) were highly significant, while the crosscomparison between slug+/+ and slug−/− mice
at 3 hr (E) was not (two-tailed Student’s t test).
(F) Slug downregulates puma promoter activity. U2-OS cells were transfected with luciferase reporter plasmids (0.5 g) containing either wild-
type Slug binding sites (SBS1–3) or a series of point mutations in three putative Slug binding sites (E boxes) in puma promoter and intron 1.
Twelve hours after transfection, the cells were treated with γ radiation (8 Gy), and luciferase activity was assayed at 12 hr postirradiation and
normalized by β-galactosidase activity. Values are means ± SD.
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647lates puma gene expression at the transcriptional level,
we irradiated myeloid progenitors (5 Gy) from slug+/+
Bcl-2tg and slug−/−Bcl-2tg mice and extracted RNA
either immediately or 3 hr later. Real-time RT-PCR
analysis indicated that baseline puma levels were ap-
proximately 2-fold higher in unirradiated slug−/− than in
slug+/+ myeloid progenitors and that, after irradiation,
puma levels increased to almost 5-fold higher levels in
the slug−/− cells (Figure 4D). By contrast, noxa and bim
gene expression levels were similar in unirradiated
slug−/− and slug+/+ myeloid progenitors and increased
less than 2-fold within these cells after γ irradiation re-
gardless of genotype (Figure 4E and Figure S8B). By
contrast, p21 was highly induced in hematopoietic pro-
genitors after γ irradiation but was unaffected by the
presence or absence of Slug (data not shown).
puma Is a Direct Transcriptional Target of Slug
To determine whether puma is a direct target of Slug,
we analyzed the sequences of the mouse and human
puma genes and found three potential conserved Slug
binding sites, one (denoted SBS1) located in the pro-
moter and two (SBS2 and SBS3) in the first intron (Fig-
ure 4F). To assess whether any of these three sites is
essential for Slug-mediated repression of puma, each
was mutated individually in a luciferase reporter plas-
mid containing the puma promoter and first intron.
These constructs were transfected into U2-OS cells
(which express very low levels of endogenous Slug) to-
gether with a Slug expression plasmid and a normaliza-
tion control, and the cells were irradiated to induce p53
and activate the puma promoter (Figure 4F). Transfec-
tion with slug caused a 3-fold decrease in the luciferase
activity of the wild-type puma promoter and of con-
structs with mutations affecting either SBS1 or SBS2.
By contrast, point mutations in SBS3, or in both SBS2
and SBS3, abolished Slug-mediated inhibition of repor-
ter activity, implying that only SBS3 is functional and
that it confers Slug responsiveness.
Since puma is a direct target of p53 (Han et al., 2001;
Nakano and Vousden, 2001; Yu et al., 2001), we next
tested the ability of Slug to inhibit expression driven by
these constructs when they were trans-activated by
p53 in slug−/−p53−/− mouse embryo fibroblasts (MEFs).
Because all of the constructs carried the p53-respon-
sive element in the puma promoter, p53 activated each
of them (Figure 5A). However, Slug completely re-
pressed p53-mediated trans-activation of puma pro-
moter constructs containing all three potential Slug
binding sites or constructs with point mutations inacti-
vating SBS1 or SBS2. By contrast, the Slug-mediated
repression was abolished by the point mutation in
SBS3 or in both SBS2 and SBS3 (Figure 5A). Further-
more, the endogenous levels of Slug in irradiated MEFs
sufficed to downmodulate puma reporter activity (Fig-
ure 5B).
To demonstrate physical binding of Slug to SBS3 in
the puma first intron, we first performed an electropho-
retic mobility shift assay (EMSA). In accord with the re-
porter assays, the SBS3 but not the SBS2 probe dis-
played a mobility shift (Figure 5C, lanes 2 and 8), which
was abolished by unlabeled SBS3 probe (Figure 5C,
lane 3) but not by the mutant probe (Figure 5C, lane 4).The mobility shift reflected the binding of Slug because
addition of Slug-specific mAb caused a supershift (Fig-
ure 5C, lane 5). Secondly, using biotinylated double-
stranded oligonucleotide probes to precipitate bound
proteins from cell nuclear extracts, we determined that
Slug binds to a probe containing SBS2 and SBS3 (Fig-
ure 5D, lane 2) but not to a control probe with point
mutations in SBS2 and SBS3 (Figure 5D, lane 3). Finally,
using chromatin immunoprecipitation (ChIP), we showed
that endogenous Slug binds specifically to SBS3 in the
puma intron 1 but not to the Hprt gene (negative con-
trol) in vivo (Figure 5E, lane 2). Thus, Slug directly down-
regulates puma expression by binding to the SBS3 Slug
consensus binding site in intron 1.
Loss of Puma Suppresses the Radiosensitivity
of Slug-Deficient Mice
The physiological significance of our findings depends
on whether loss of Puma is sufficient to suppress the
radiosensitivity exhibited by Slug-deficient mice. To
test this, we generated double-knockout mice lacking
both Slug and Puma expression and subjected them,
along with their age-matched littermates, to 7.0 Gy TBI.
As expected, most of the slug+/+puma+/+ and slug+/+
puma−/− mice survived, while all of the slug−/−puma+/+
mice died within 16 days postirradiation. Significantly,
all of the slug−/−puma−/− mice survived beyond 30 days
postirradiation, indicating that puma is indeed the criti-
cal target used by Slug to impart radioresistance in vivo
(Figure 5F).
Flow cytometric analysis verified that both Puma and
Slug impact the survival of myeloid cells in the bone
marrow. Loss of Puma resulted in a 3.4-fold greater sur-
vival of CD11b+ Gr-1+ myeloid cells after irradiation in
the background of Slug-deficient mice (compare lanes
3 and 1 in Figure 5G; p = 0.016). In fact, irradiated
puma−/−slug−/− mice had myeloid cell levels higher than
those found in irradiated wild-type mice (compare lanes
3 and 2; p = 0.039). These results implicate puma as
the physiologically critical downstream target of re-
pression by Slug, providing further evidence that the
unopposed upregulation of puma by p53 explains the
pronounced radiosensitivity of Slug-deficient mice.
Analysis of larger numbers of mice will be needed to
determine whether Slug also exerts a protective effect
on myeloid cell numbers after γ radiation in puma−/−
mice (lane 4 compared to lane 3; p = 0.137). Of note,
the puma- and slug-deficient genotypes affected my-
eloid cell numbers only after genotoxic stress induced
by γ radiation since the steady-state numbers of
CD11b+ Gr-1+ myeloid cells per femur were similar re-
gardless of genotype (Figure S9).
Slug Is Itself a p53 Direct Target Gene
after  Irradiation
The evidence that Slug acted within a DNA-damage-
response network downstream of p53 prompted the
question of whether p53 controls slug. We therefore ex-
amined slug expression in both wild-type and p53−/−
MEFs after γ irradiation (Figure 6A). Slug protein levels
were induced by γ radiation in wild-type MEFs, starting
at 1 hr postirradiation and increasing up to 1.5 hr. By
contrast, Slug was not upregulated in p53−/− MEFs after
Cell
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(A) Slug inhibits p53 transactivation of the puma promoter. The same luciferase reporter plasmids (100 ng) used in Figure 4F, plus pCMV-lacZ
(0.025 ng), were transfected into slug−/−p53−/− MEFs together with pCMV-p53 (50 ng) alone or pCMV-p53 (50 ng) plus pCMV-Slug (400 ng).
Luciferase activity was assessed at 24 hr posttransfection. Relative luciferase activity is expressed as light units normalized for β-galactosi-
dase activity. Values are means ± SD.
(B) Endogenous Slug suppresses puma promoter activated by γ radiation. puma(WT)-LUC reporter plasmid (100 ng) was transfected into
slug+/+ MEFs and slug−/− MEFs together with pCMV-lacZ (0.025 ng). Twelve hours after transfection, one set of samples (in triplicate) was
subjected to γ irradiation (8 Gy). Cells were then incubated for 8 hr before measurement of luciferase activity. Values are means ± SD.
(C) EMSA of in vitro binding of Slug to putative Slug binding sites in the mouse puma intron 1. Nuclear extracts were incubated with 5# end-
biotinylated probes containing putative Slug binding sites 2 and 3 (SBS2 and SBS3) and a mutant probe; Slug mAb was included in the
reactions in lane 5. The specific gel shift bands (single arrow), supershifted band (double arrows), and nonspecific bands (star) are indicated.
Mobility shift of the probes was detected with streptavidin-HRP and the ECL system.
(D) Oligonucleotide pull-down assay with Western blotting for the Slug transcription factor. Biotinylated double-stranded 63-mer oligonucleo-
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tides (WT probe) homologous to the puma intron 1 region containing the two E boxes or a mutated double-stranded oligonucleotide control
(mutant probe) were incubated with Slug-containing lysates. Immobilized streptavidin was used to precipitate the oligonucleotide/transcrip-
tion-factor complexes, which were subsequently separated on SDS-PAGE and blotted with anti-Slug mAb.
(E) In vivo detection of occupancy of puma intron 1 by Slug. Chromatin from Lin− hematopoietic progenitor cells was immunoprecipitated
with Slug-specific antibodies. PCR amplification was performed on corresponding templates using primers for puma intron 1 and primers for
the Hprt gene. The input lane corresponds to 0.5% of total chromatin used in the immunoprecipitation reactions. Parallel immunoprecipitation
without antibody failed to yield a detectable signal in the sample.
(F) Kaplan-Meier survival curves for 4-week-old slug+/+puma+/+ (n = 10), slug+/+puma−/− (n = 9), slug−/−puma+/+ (n = 10), and slug−/−puma−/−
(n = 8) mice after a single dose of TBI (7.0 Gy) (p < 0.0001 for comparisons of slug−/−puma+/+ mice with each of the other three groups).
(G) Total number of differentiated myeloid cells (CD11b+ Gr-1+) per femur (×105) in 4-week-old slug+/+puma+/+, slug+/+puma−/−, slug−/−
puma+/+, and slug−/−puma−/− mice at 6 days after TBI (6.5 Gy). The data shown are the means ± SD (n = 3 or 4).
C. elegans is highly conserved in mammals in thatirradiation, implying that p53 is required for Slug induc-
tion. The kinetics of Slug upregulation in wild-type
MEFs resembled those of the protein encoded by the
known p53 target gene, p21, although p21 levels con-
tinued to increase to 3.5 hr. Unlike Slug, p21 expression
was undetectable in p53−/− MEFs. Monitoring slug ex-
pression at the transcriptional level in bone-marrow
cells from wild-type and p53−/− mice by semiquantita-
tive PCR confirmed that slug, like p21, is upregulated
in a p53-dependent manner (Figure 6B).
Interestingly, both the mouse and human slug genes
have been identified as potential p53 target genes by
the p53MH algorithm (Hoh et al., 2002). Two candidate
p53-responsive elements (RE1 and RE2) identified by
this program reside in the first and second introns of
both the mouse and human gene (Figure 6C). To test
their roles, we introduced DNA fragments spanning
either the mouse slug promoter alone (0.7kbslug-LUC)
or this promoter plus the first and second introns
(2.9kbslug-LUC) into a luciferase reporter plasmid.
When cotransfected into p53−/− MEFs together with a
p53 expression plasmid, only the reporter containing
the intronic sequences was trans-activated by p53,
suggesting that RE1 and/or RE2 might be responsible
for p53-mediated slug induction (Figure 6D).
To test this hypothesis, we first used EMSA to dem-
onstrate physical interaction between p53 and each of
these putative p53-responsive elements (Figure 6E,
lanes 2 and 6). The addition of double-stranded p53
DNA binding consensus oligonucleotides completely
abolished the shift of both probes RE1 and RE2 (Figure
6E, lanes 3 and 7), whereas mutated control oligonucle-
otides did not (Figure 6E, lanes 4 and 8), indicating that
p53 can recognize each probe. To determine whether
endogenous p53 is bound to the slug intronic sites in
vivo, we used ChIP in MEFs that had been irradiated to
induce p53. Using PCR primers specific for RE1 and
RE2 or p21 promoter (positive control) and Hprt gene
(negative control), we showed that only RE1, RE2, and
p21 promoter sequences were specifically immuno-
precipitated by the p53 antibody (Figure 6F, lane 2).
Thus, the marked upregulation of Slug levels in irradi-
ated hematopoietic progenitors appears to be directly
mediated by p53.
Discussion
A complex DNA-damage-response network has evolved
in mammalian cells to enable injured cells to choose
between apoptotic death or cell-cycle arrest and repair.poietic system, the fully differentiated cells are dispens-
able provided that sufficient stem and progenitor cells
are spared to regenerate the tissue quickly. Hence, the
intrinsic apoptotic response mediated by p53 can be
activated in mature blood cells but must be stringently
curtailed in their progenitors. This dual requirement
presents a mechanistic puzzle, as the activation of p53
in cells exposed uniformly to the same genotoxic agent
could be expected to yield similar, not opposing, cell
fates. How, then, do hematopoietic progenitors survive
in the face of potentially lethal DNA insults?
Our results indicate that Slug is directly induced by
p53 and functions as a survival factor within the p53-
dependent apoptotic pathway of myeloid progenitors
(Figure 7). Since Slug did not interfere with the upregu-
lation of p53 or its transcriptional activity in γ-irradiated
cells, we postulated that it might repress an essential
p53-responsive apoptotic gene. Indeed, Slug specific-
ally antagonized the p53-induced upregulation of puma
(Figures 4C and 4D), a BH3-only gene that is central
to the responsiveness of hematopoietic cells to certain
apoptotic stimuli, including DNA damage (Jeffers et al.,
2003; Nakano and Vousden, 2001; Villunger et al., 2003;
Yu et al., 2001). By EMSA, ChIP, and luciferase reporter
assays, we showed that puma is a direct target of Slug-
mediated repression (Figures 4F and 5). Although noxa,
another BH3-only gene, is also upregulated by p53 in
some cell types (Oda et al., 2000), it was not signifi-
cantly induced by radiation in myeloid progenitor cells
(Figure 4C, E). This result agrees with previous reports
showing that the absence of Noxa impairs the apopto-
tic response to DNA damage in fibroblasts but not in
hematopoietic cells (Shibue et al., 2003; Villunger et
al., 2003).
The model of Slug antagonism of puma expression
and cell death illustrated in Figure 7 has a strong evolu-
tionary precedent in the nematode C. elegans. CES-1,
a zinc-finger transcription factor in the Snail/Slug family
and the worm ortholog of mammalian Slug, negatively
regulates expression of the proapoptotic BH3-only pro-
tein EGL-1 by directly binding to an egl-1 enhancer ele-
ment (Metzstein and Horvitz, 1999; Thellmann et al.,
2003). In the worm, ces-1 is itself repressed by the
CES-2 bZIP transcription factor, a close relative of hu-
man HLF, leading to the programmed death of NSM
“sister” neuronal cells during development. Moreover, γ
irradiation of the C. elegans germline provokes apopto-
sis through CEP-1 (the p53 ortholog), EGL-1, and CED-9
(Figure 7) (Hofmann et al., 2002), a pathway that may be
negatively regulated by CES-1. This pathway defined in
Cell
650Figure 6. p53 Upregulates Slug Expression after γ Irradiation
(A) Slug expression in p53+/+ MEFs and p53−/− MEFs postirradiation. p53+/+ and p53−/− MEFs were irradiated (8 Gy) and analyzed for the
expression of Slug and p21 by immunoblotting at the indicated times. The blot was stripped and reprobed with β-actin antibody as a
loading control.
(B) Semiquantitative RT-PCR analysis of slug transcriptional level. p53+/+ and p53−/− BM cells were irradiated (5 Gy), and RNA was extracted
at the indicated times after irradiation. slug and p21 mRNA expression was analyzed by semiquantitative RT-PCR. Hprt was analyzed as a
loading control.
(C) Schematic diagram of the slug genomic structure. Two predicted p53-responsive elements (REs) in the first (RE1) and second (RE2) exons
of mouse slug, identified by the p53MH algorithm program, are represented by white boxes. The three exons are depicted as black boxes.
(D) p53 activation of the slug luciferase reporter was conferred by the first and second introns. p53−/− MEFs were contransfected with a
pCMV-p53 expression plasmid and a luciferase reporter plasmid containing either the 0.7 kb slug promoter and the introns 1 and 2 (2.9kbslug-
LUC) or only the promoter region (0.7kbslug-LUC). Values represent means ± SD.
(E) In vitro binding of p53 to p53-responsive elements (REs) in the mouse slug intron 1 and 2 regions by EMSA. Nuclear extracts were
incubated with 5# end-biotinylated probes containing putative p53 RE1 (lanes 1, 2, 3, and 4) or RE2 (lanes 5, 6, 7, and 8), and p53 DNA
binding consensus oligonucleotide (lanes 3 and 7) or p53 mutant control oligonucleotide (lanes 4 and 8) was added into some of the reactions.
Mobility shift of probes was detected with streptavidin-HRP and the ECL system.
(F) Chromatin immunoprecipitation (ChIP) of the slug introns by p53 antibody. Chromatin was prepared 2 hr after wild-type MEFs were
irradiated (10 Gy) and immunoprecipitated with polyclonal p53-specific antibodies. PCR amplification was performed on corresponding
templates with primers for slug introns 1 and 2 and primers for the p21 promoter and Hprt genomic sequence. The input lane corresponds
to 1% of total chromatin used in the immunoprecipitation reactions. Parallel immunoprecipitation with normal IgG failed to yield a detectable
signal in the sample.
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Progenitor Cells
When up-regulated by genotoxic stimuli or other cellular stresses, p53 can either promote cell-cycle arrest (leading to repair and survival) or
elicit apoptosis. Slug is proposed to shift the fate of irradiated myeloid progenitor cells toward arrest and survival by selectively blocking the
apoptotic pathway induced by p53. In the myeloid progenitor cells, puma but not noxa is induced, and slug is itself upregulated by p53. The
survival of hematopoietic progenitor cells after genotoxic stress relies on induction of slug by p53 and Slug-mediated repression of puma.
Binding of Puma to Bcl-2-like prosurvival family members induces apoptosis via the mitochondrial pathway (left panel). In NSM sister neurons
and germ cells of C. elegans (right panel; see text), the Slug-like protein CES-1 represses transcription of the gene encoding the proapoptotic
EGL-1, which can bind to the Bcl-2-like CED-9 and inactivate it, releasing CED4, which leads to activation of CED-3, the caspase that
mediates apoptosis. In irradiated germ (but not somatic) cells, the p53 ortholog CEP-1 provokes apoptosis by inducing the expression of
EGL-1.puma is the BH3-only gene most closely related to egl-1
(Han et al., 2001) and, as demonstrated here, is a direct
target for negative regulation by Slug. Among the known
targets of p53, only noxa and puma encode BH3-only
proapoptotic proteins (Cory et al., 2003), and, in hem-
atopoietic cells, Puma is a principal mediator of cell
death in response to diverse apoptotic signals, includ-
ing ionizing radiation and cytokine withdrawal (Han et
al., 2001; Jeffers et al., 2003; Yu et al., 2003). Thus, our
finding that Slug prevents puma upregulation after ion-
izing radiation establishes a strong evolutionary link
between the cell-death pathway of NSM neurons in de-
veloping nematodes and the apoptotic cascade down-
stream of p53 activation in mammalian hematopoietic
progenitor cells.
It is worth noting that Kajita et al. observed a modest
downregulation of p53 in breast carcinoma cells that
overexpressed Slug (Kajita et al., 2004), but Slug did
not interfere with either the upregulation or transcrip-
tional activity of p53 in γ-irradiated primary hematopoi-
etic progenitors (Figures 4A and 4B). This discrepancy
most likely reflects differences in cellular context be-
tween primary hematopoietic cells expressing endoge-
nous Slug levels and epithelial tumor cells engineered
with adenoviral vectors to overexpress very high levels
of Snail or Slug.
The ability of Slug to prevent the transcriptional
upregulation of puma has implications for the role ofBH3-only proteins in tumorigenesis. In pro-B lympho-
cytes, for example, the transforming activity of the E2A-
HLF oncoprotein (Inukai et al., 1999) most likely proceeds,
at least in part, through Slug-mediated repression of
puma (Figure 7). Indeed, recent evidence indicates that
downregulation of puma by RNA interference in E-
myc transgenic mice accelerates the development of
B-lymphoid lymphoma/leukemia (Hemann et al., 2004).
A second BH3-only gene relevant for Myc-induced leu-
kemias encodes Bim, which is also a critical regulator
of lymphocyte survival (Bouillet et al., 1999). Loss of
even a single bim allele accelerates E-myc-driven leu-
kemogenesis (Egle et al., 2004), an effect that is abro-
gated by tumor-derived Myc mutants (Hemann et al.,
2005). Consistent with our model, downregulation of
puma or bim in transgenic mice obviated the need to
disrupt the p53 pathway (Egle et al., 2004; Hemann et
al., 2004). Thus, in specific cell types, BH3-only pro-
teins can serve as effective tumor suppressors (Cory et
al., 2003). Because Slug is aberrantly expressed in a
number of tumor types (Gupta et al., 2005; Kurrey et al.,
2005; Martin et al., 2005; Perez-Mancera et al., 2005), it
might well contribute to tumorigenesis by repressing
the expression of puma or possibly other BH3-only
genes.
In the mammalian DNA-damage response, a cascade
of proteins bind damaged DNA and relay the damage
signal to transducer proteins such as ATM, which phos-
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Elledge, 2000). Once p53 is activated, whether it in-
duces growth arrest and DNA repair or apoptosis de-
pends on multiple variables, including the p53 expres-
sion level, the type of stress signal, the cell type, and
its context at the time of stress (Balint and Vousden,
2001). Identification of p53 target genes has begun to
clarify how p53 can drive these dichotomous cell fates
(Harris and Levine, 2005; Slee et al., 2004). Neverthe-
less, little is still understood about how cells can cir-
cumvent apoptosis once p53 has been activated by
DNA damage. Our results for the first time elucidate
such a control point by showing that, in hematopoietic
progenitor cells, p53 activates slug to repress the
Puma-mediated apoptotic response while allowing the
unimpeded activation of p21 and presumably other tar-
get genes to promote cell-cycle arrest and the repair of
damaged DNA. Whether the Slug-mediated control
point operates in other cell types remains to be tested,
although the survival advantage it offers would explain
the radioresistance of hematopoietic stem cells, which
express the slug gene (Inoue et al., 2002). Since Puma
is widely expressed in mammalian tissues and is an im-
portant mediator of p53-dependent apoptosis induced
by diverse stimuli, slug may well be activated by p53
and exhibit its protective capacity in nonhematopoi-
etic cells.
The role of Slug in determining the fate of normal
hematopoietic progenitors is highly relevant to cancer
therapy. Because the sensitivity of such cells to geno-
toxic agents can limit therapeutic doses of radiation
and chemotherapy (Werner-Wasik et al., 2004; Yoshi-
zawa et al., 2003), we suggest that it may be advanta-
geous to upregulate slug expression levels before in-
tensive cancer treatment is initiated. The series of
cytokines and signaling pathways known to affect the
expression levels of snail-family genes in diverse tis-
sues (Barrallo-Gimeno and Nieto, 2005) provides a
starting point for identifying agents that could upregu-
late slug and thereby preserve hematopoietic progeni-
tor cells during cancer therapy.
Experimental Procedures
Bone-Marrow Transplantation
For bone-marrow reconstitution experiments, recipient mice (4 to
8 weeks old) were lethally irradiated for a total of 13 Gy, given in
two fractions of 6.5 Gy 3 hr apart, and then 1 × 107 freshly har-
vested BM cells were injected into their retro-orbital venous sinus.
Prior to injection, the bone-marrow cells were depleted of red
blood cells by resuspending them in hypotonic buffer (0.16 M
NH4Cl, 0.17 M Tris-HCl [pH 7.4]) for 5 min and washing them once
in PBS.
Bone-Marrow Histology
Unirradiated slug+/− and slug−/− mice (8 weeks old) or mice γ irradi-
ated (with 6.5 Gy) 6 or 12 days previously were killed and fixed in
Bouin’s fixative (LabChem Inc., Pittsburgh) for 10 days. Sections
were made and stained with hematoxylin and eosin.
Retrovirus Transduction of BM Cells
Viruses containing a p53-responsive luciferase reporter (pQCXIG/
p53-TA-LUC; see Supplemental Data) were produced by the Vira-
Port Retroviral Gene Expression System (Stratagene, La Jolla, Cali-
fornia). For retrovirus transduction, myeloid progenitors were en-
riched from slug+/+Bcl-2tg and slug−/−Bcl-2tg mice and cultured
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tn vitro in DMEM medium (7.5% FBS, 7.5% horse serum) plus 10
g/ml SCF. After 48 hr, cells were spun at 200 × g, and the superna-
ant was aspirated and replaced with the infection mixture con-
isting of 1 ml viral supernatant containing 10 g/ml Polybrene
Sigma, St. Louis).
See Supplemental Data for all other Experimental Procedures.
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